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Ribosomal protein L11 is a universally conserved
component of the large subunit, and plays a signifi-
cant role during initiation, elongation, and termination
of protein synthesis. In Escherichia coli, the lysine
methyltransferase PrmA trimethylates the N-terminal
a-amino group and the 3-amino groups of Lys3 and
Lys39. Here, we report four PrmA-L11 complex struc-
tures indifferent orientationswith respect to thePrmA
active site. Two structures capture the L11N-terminal
a-amino group in the active site in a trimethylated
postcatalytic state and in a dimethylated state with
boundS-adenosyl-L-homocysteine. Twoother struc-
tures show L11 in a catalytic orientation to modify
Lys39 and in a noncatalytic orientation. The compar-
ison of complex structures in different orientations
with a minimal substrate recognition complex shows
that the binding mode remains conserved in all L11
orientations, and that substrate orientation is brought
about by the unusual interdomain flexibility of PrmA.
INTRODUCTION
Ribosomal protein L11 is a universally conserved component of
the large ribosomal subunit, and plays a central role during the
initiation, elongation, and termination phases of translation.
L11 consists of a 23S rRNA binding C-terminal domain and an
N-terminal domain that directly contacts protein synthesis
factors. These two domains are joined by a linker, which is pre-
sumably flexible in order to allow interdomain movement during
protein synthesis. Substantial structural evidence now exists
that such interdomain movements do indeed occur (Jonker
et al., 2007; Kavran and Steitz, 2007; Lee et al., 2007; Li et al.,
2006; Wang et al., 2007), and restriction of L11 mobility by the
antibiotic thiostrepton indicates that interdomain flexibility is vital
to the L11 function during protein synthesis (Cameron et al.,
2004b; Cameron et al., 2002; Jonker et al., 2007; Lee et al.,
2007). In bacteria, the L11 N-terminal domain is posttranslation-
ally modified on several residues by the S-adenosyl-L-methioni-
ne(AdoMet)-dependent trimethyltransferase PrmA. In Escheri-
chia coli, PrmA trimethylates the a-amino group of the
N-terminal amino acid and the 3-amino group of Lys3 and
Lys39 (Dognin and Wittmannliebold, 1980). Mass spectrometric
studies found that a fourth residue is modified in Thermus ther-
mophilus (Cameron et al., 2004a). The PrmA methyltransferaseStructure 16is conserved in all bacteria, suggesting a direct contribution of
these modifications to L11 functions. However, the role of L11
methylation is yet to be established, as null mutants of E. coli
(Vanet et al., 1993) and T. thermophilus (Cameron et al., 2004a)
are viable.
PrmAexhibits anunusual substrate specificity in that itmodifies
several side chains that are located remote fromeachotheron the
surface of the same substrate protein. To modify these different
substrate sites, the enzyme will either have to bind the substrate
in several orientations in a promiscuous active-site region, or
employ a flexible substrate positioning apparatus that allows
the reorientation of the substrate in a conserved binding mode.
We have recently determined the crystal structures of the apo-
and cofactor-bound forms of PrmA in three different conforma-
tions and of the wild-type PrmA-L11 complex with Lys39 placed
in the active site in a precatalytic state (Demirci et al., 2007). We
refer to this complex structure as complex 1 throughout this re-
port. The PrmA structure consists of two domains: an N-terminal
substrate recognition domain and a C-terminal class I methyl-
transferase domain, connected by a flexible linker. The relative
positions of the twodomains differ dramatically in the apoenzyme
and the complex structures, suggesting the existence of a single
recognitionmode,withmovementof thecatalyticdomainaccom-
modating other L11 substrate amino groups in the active site.
In order to further investigate the structural basis and mecha-
nistic implications of L11 methylation by PrmA, we have deter-
mined the T. thermophilus PrmA-L11 complex structure in what
is, to our knowledge, a new catalytic orientation, with the N-ter-
minal a-amino group placed in the active site in a postcatalytic,
trimethylated state with bound S-adenosyl-L-homocysteine
(AdoHcy). In a second crystal structure, we observed the same
substrate orientation in a dimethylated state forming a hydrogen
bondwith amain chain carbonyl group. A third complex structure
in a noncatalytic substrate orientation, suggestive of an enzyme-
substrate complex trapped in a scanning or searchmode, under-
scores the unusual conformational flexibility of this protein-pro-
tein complex. Finally, a minimal substrate-recognition complex
structure shows that the substrate binding mode between
PrmA and L11 is conserved in all full-length complex structures.
RESULTS
A Ternary PrmA-L11-AdoHcy Complex Structure
with the Trimethylated L11 N-Terminal a-Amino
Group in the Active Site
In order to obtain structural information about other substrate
orientations in the protein complex, we systematically screened, 1059–1066, July 2008 ª2008 Elsevier Ltd All rights reserved 1059
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L11 Trimethylation by the PrmA MethyltransferaseFigure 1. Substrate Binding in the Full-
Length and Minimal PrmA-L11 Complex
Structures
(A) Structure of the full-length complex 2 with the
L11 N-terminal a-amino group placed in the active
site.
(B) Structure of the minimal substrate recognition
complex formed between the PrmA and L11N-ter-
minal domains. Interacting residues in the com-
plex interface are shown as sticks.
(C) Least-squares alignment of both structures
shows that substrate binding and orientation are
conserved in both complexes.all possible lysine-to-alanine single-site mutations in the sub-
strate protein L11 N-terminal domain. We purified each mutant
complex and screened every sample extensively to identify ap-
parently new crystal forms. We obtained a new complex crystal
form from the L11 (K16A) mutant complex. We solved the struc-
ture of this PrmA-L11 (K16A) complex in space group P62 to 1.75
A˚ resolution by molecular replacement by using coordinates
from our prior studies (PDB codes: 2NXN and 2NXE, hereafter
referred to as complex 2 [Figure 1A]; an overview of the contents
and orientation of all complex structures is given in Table S1
available online). Electron density for PrmA and the L11 N-termi-
nal domain was well defined in this structure, but the L11 C-ter-
minal domain was disordered, and was not included in the final
model. Despite this omission, the crystallographic R/Rfree factors
are 0.18 and 0.21, and the atomic B factors are 29.4 for PrmA
and 35.8 for the L11 N-terminal domain.
In this complex structure, the PrmA substrate recognition do-
main assumes a previously unobserved orientation relative to the
catalytic domain. Protein L11 is recognized in the same binding
mode as in our original wild-type complex structure (Demirci
et al., 2007), but the PrmA interdomain orientation places the
L11 N-terminal a-amino group into the active site rather than
Lys39. The protein-protein interface in this structure consists
of two main interaction surfaces. The highly specific substrate
binding interaction between the PrmA N-terminal domain (resi-
dues 1–56) and the L11N-terminal domain (residues 1–72) buries
588 A˚2 and establishes a continuous b sheet between both do-
mains that is coordinated by three hydrogen bonds between
both domains. In comparison, the PrmA interdomain linker (res-
idues 57–67) buries 318 A˚2, and the interface between the L11
N-terminal domain and the larger PrmA catalytic domain
(residues 68–254) buries 751 A˚2.
To further investigate the structural basis for complex forma-
tion, we solved the structure of a minimal complex between
the N-terminal substrate recognition domain of PrmA and the
N-terminal domain of L11 (hereafter referred to as N-domains;
Figure 1B). To achieve this, we expressed the N-terminal domain
of PrmA (residues 1–97, including the linker region) with a C-ter-
minal hexa-histidine affinity tag. This construct efficiently pulled
down full-length L11when bound to Ni-NTA agarose beads (data
not shown), indicating that the N-terminal domain of PrmA is suf-
ficient for recognition of L11. We obtained crystals from this min-
imal complex diffracting to 1.37 A˚ in space group C2 after 6–8
months. Structure solution by molecular replacement revealed
that PrmA and L11 had been proteolytically cleaved prior to crys-1060 Structure 16, 1059–1066, July 2008 ª2008 Elsevier Ltd All rightallization, and that the asymmetric unit contained a complex be-
tween the PrmA N-terminal domain (residues 1–59) and the L11
N-terminal domain (residues 2–72 in the refined model), as well
as an additional unbound L11 N-terminal domain. The substrate
binding mode in this minimal complex structure is practically
identical to the orientation observed in the full-length complex
2 structure, with an overall root-mean-square deviation (rmsd)
of 1.0 A˚ between the two structures (Figure 1C; a superposition
of all observed PrmA conformations and a comparison of all
complex structures with the minimal N-domains structure is
shown in Figures S1 and S2). In combination, these structural
data suggest that PrmA binds to the L11 N-terminal domain in
a rigid binding mode, and that the placement of multiple
substrate amino groups into the active site is brought about by
the unusual interdomain flexibility of PrmA.
The electron density in the active site region of the complex 2
structure is well defined and consistent with a fully trimethylated
N-terminal a-amino group and AdoHcy (Figure 2A). The adenine
ring of AdoHcy is placed in a mostly hydrophobic pocket and
coordinated with a hydrogen bond formed between the adenine
N1 and the Ser175 hydroxyl (Figure 2B). The ribose moiety is an-
chored by hydrogen bonds to Asp149, and the homocysteine
carboxyl oxygens interact with the strictly conserved Thr107
and Asn191. Thus, AdoHcy is bound in the same orientation as
AdoMet (PDB code: 2NXE). During model building, we observed
an additional spherically shaped difference electron density
peak in the active site that wemodeled as an iodide ion (the Ado-
Met iodide salt was used to introduce the cofactor). The iodide
ion is located at a distance of 4.7 A˚ from the L11 N-terminal nitro-
gen atom and 4.9 A˚ from the AdoHcy sulfur atom. We refined the
iodide ion with 50% occupancy, resulting in a B factor of 29.4,
which compares to an average B factor of 30.8 for protein atoms
in the final model. The symmetric position to the cofactor and the
substrate group suggests that the negatively charged solvent ion
facilitates the transfer of the positively charged methyl group.
A Flexible Loop in the Active Site Region
Assumes an Ordered Conformation in the Ternary
Complex Structure
In contrast to our previously reported wild-type PrmA-L11 com-
plex structure (Demirci et al., 2007), the mobile, glycine-rich loop
(residues 96–102) in the PrmA active site is fully ordered in the
complex 2 structure (Figure 2B). In this closed-loop conforma-
tion, the closest distance of the Phe99 side chain is 4.89 A˚ to
the L11 N-terminal nitrogen atom and 3.57 A˚ to the AdoHcyts reserved
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L11 Trimethylation by the PrmA Methyltransferasesulfur atom. The distance between the L11 N-terminal nitrogen
and the AdoHcy sulfur atom is 4.80 A˚. In the complex 2 confor-
mation, the L11 Asp62 side chain forms hydrogen bonds to the
amide nitrogen atoms of Gly100 and Thr101, which are part of
the mobile loop, and this interaction might lock the loop into
the closed conformation. A similar interaction is found in the
PrmA-AdoMet structure, with the loop in the closed conforma-
tion (PDB code: 2NXE), where the Glu32 side chain from the
PrmA N-terminal domain occupies a functionally equivalent po-
sition to the L11 Asp62 side chain in complex 2. Inspection of the
protein complex surface shows that the cofactor binding site re-
mains accessible from the solvent region, and that the iodide ion
is located at one side of the cofactor binding pocket (Figure 2C).
The observed geometry suggests that the reaction by-product
AdoHcy can be released after catalysis without disrupting the
protein complex, which would be required for a processive
mode of amino group trimethylation. Given the unique multiple
modification of L11 by PrmA, we examined the electron density
of the other known modification sites. Electron density for the
Lys3 side chain is well defined, and shows no indication of meth-
ylation. The methylation status of Lys39 could not be assessed,
because the side chain is projecting into the solvent region and is
disordered in this structure.
To obtain further information about the interaction of the gly-
cine-rich loop with the cofactor, we solved the structure of the
full-length L11 (K39A)-PrmA complex in space group P65 with
the competitive inhibitor sinefungin bound in the cofactor bind-
ing site (complex 3). The overall complex orientation is highly
Figure 2. The AdoHcy Binding Site in
Complex 2
(A) Final 2FO FC electron density for AdoHcy, L11
Met1, and the iodide ion contoured at the 1s level.
PrmA is colored cyan, L11 is yellow, AdoHcy is
green, and iodide is purple.
(B) Ribbon diagram of AdoHcy binding interac-
tions. Solvent water molecules are represented
by red spheres.
(C) Surface representation of the cofactor binding
pocket in complex 2. The surface contribution of
L11 Met1 is shown in orange. The iodide ion is
shown as a purple sphere.
(D) Comparison of AdoHcy binding in complex 2
with sinefungin binding in complex 3. PrmA is
shown as cyan for complex 2 and salmon for
complex 3.
similar to the previously determined com-
plex with the Lys39 side chain placed in
the active site (PDB code: 2NXN), indicat-
ing that hydrogen bonds formed by the ly-
sine side chain are not required for sub-
strate orientation. The inhibitor molecule
is bound in an orientation similar to that
of AdoMet and AdoHcy; however, the
carbon atom equivalent to the AdoMet
sulfur atom is further removed from the
L11 N-terminal nitrogen atom when com-
pared with the complex 2 orientation
(Figure 2D). In this sinefungin-bound ac-
tive site, the glycine-rich loop is well ordered in the closed orien-
tation. In contrast to the other closed-loop structures, however,
there is no hydrogen bond formed that might lock the loop into
the closed orientation.
Structure of a Dimethylated L11 N-Terminal a-Amino
Group Trapped in the PrmA Active Site
His104 is the only potential general base in the active site region,
but its orientation and coordination does not suggest a functional
role in catalysis. In order to investigate the role of His104 during
catalysis, we generated the PrmA His104Ala single-site-directed
mutant protein. Activity assays indeed showedno significant loss
of catalytic activity (data not shown). However, we were able to
identify another crystal form with the PrmA (H104A) protein in
complex with full-length, wild-type L11 (hereafter referred to as
complex 4).We solved this structure in space groupP2bymolec-
ular replacement to 2.3 A˚ resolution. This crystal form contains
eight protein complexes in the asymmetric unit, with four com-
plexes having the L11 N terminus situated in the active site,
and four complexes in a noncatalytic orientation described in
the next section. The complex 4 structure in the catalytic orienta-
tion is similar to that of the trimethylated structure in complex 2,
with an overall rmsd of 0.87 A˚ (330 Ca atoms) between the two
complexes. In contrast to complex 2, the L11 C-terminal domain
is well ordered due to crystal contacts in this crystal form, and
full-length L11 was modeled for the four complexes in the cata-
lytic orientation. AdoHcy is bound in an identical manner to that
of complex 2. The size and shape of the difference electronStructure 16, 1059–1066, July 2008 ª2008 Elsevier Ltd All rights reserved 1061
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L11 Trimethylation by the PrmA Methyltransferasedensity peak at the position of the iodide ion in complex 2 is con-
sistent with the presence of a nitrate ion (derived from the mag-
nesium nitrate in the precipitant solution; Figure 3A). A second ni-
trate ion was observed in the position of the His104 side chain
that is vacant in the H104A mutant structure. This nitrate ion re-
places the histidine side chain, and engages in equivalent hydro-
gen bonds to Thr106 and a solvent water molecule (W1706).
Ina strikingdifference from thecomplex2 structure, theelectron
density for complex 4 is consistent with a dimethylatedN-terminal
amino group (Figure 3B). Instead of the thirdmethyl group, we ob-
serve that thePrmAmainchain carbonyl groupof Leu192engages
in a hydrogen bond with the dimethylated nitrogen atom. The dis-
tance between the amino group nitrogen and the main chain car-
bonyl oxygen is 2.76 A˚. The final 2FO  FC electron density for
the L11 amino group and themain chain carbonyl group is contin-
uous at the 1s level. The comparisonof both structures shows that
themain chain carbonyl of Leu192 rotates by about 90 away from
the trimethylateda-aminogroup in thecomplex2structurewithout
affecting the side chain orientation of either Leu192 or Tyr 193
(Figure 3C). Similar to the complex 2 structure, we did not observe
any indicationofamethylationofeitherLys3orLys39 incomplex4.
A Ternary Complex Structure in a Noncatalytic
Substrate Orientation: PrmA Trapped in the Search
Mode
In addition to the catalytic orientation, the complex 4 data set
also revealed four protein complexes in an identical noncatalytic
Figure 3. Structure of the Dimethylated N
Terminus in Complex 4
(A) Stereo representation of the active site. PrmA is
colored cyan, L11 and AdoHcy are colored green,
and two nitrate molecules are colored with blue
nitrogen atoms.
(B) Final 2FO FC electron density in the active site
region contoured at the 1s level. One nitrate mol-
ecule and solvent water molecules have been
omitted for clarity.
(C) Comparison of positions of the trimethylated
N-terminal amino group in complex 2 with the
dimethylated amino group in complex 4. Residues
192 and 193, including the reorienting main chain
carbonyl group, are shown with sticks.
orientation. The L11 C-terminal domain
was disordered in these complexes, and
only the N-terminal domain was included
in the final model. In this orientation, the
PrmA N-terminal domain and the L11
N-terminal domain are rotated around
the PrmA linker helix by approximately
120 (with respect to complex 2), such
that L11 is placed distant from the PrmA
active site (Figures 4A and 4B). The sub-
strate binding mode is identical to the
other complex structures, and the mini-
mal N domain’s structure can be aligned
to this complex structure with an rmsd of
0.83 A˚ (126 Ca atoms). A cofactor mole-
cule is bound in the otherwise empty PrmA active site that was
modeled as AdoMet. The electron density for the AdoMet methyl
group is somewhat weaker than the rest of the cofactor mole-
cule, indicating that the cofactor binding site is probably occu-
pied by a mixture of AdoMet and AdoHcy. One interpretation
of this orientation is that this complex structure represents the
PrmA enzyme in a nonproductive conformational intermediate
that might occur during the search/sampling process in a pro-
gressive type of substrate methylation.
DISCUSSION
Multiple methylation of the ribosomal protein L11 by the PrmA
methyltransferase requires an unusual combination of specific
substrate recognition, flexible substrate placement, and a multi-
specific active site that will modify two types of amino groups.
The PrmA-L11 complex structures reported here show, for the
first time to our knowledge, how this combination of specificity
and flexibility can be achieved. A comparison of the three differ-
ent substrate orientations in the protein complex clearly shows
that the PrmA N-terminal domain acts as a substrate-specific
recognition module (Figures 4A–4C and Figures S1 and S2).
The linker region between the N-terminal recognition domain
and the larger C-terminal catalytic domain consists of two flexi-
ble loops and an intervening a-helical spacer element. This linker
provides the mobility to position the substrate in different orien-
tations relative to the active site region. Comparison of the sub-
strate position in the two catalytic complexes shows that a wide1062 Structure 16, 1059–1066, July 2008 ª2008 Elsevier Ltd All rights reserved
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L11 Trimethylation by the PrmA Methyltransferaserange of substrate rotations and translations can be sampled in
this way (Figure 4D). It seems plausible, therefore, that the en-
zyme-substrate complex can be formed in a random orientation
with regard to the active site, and that the L11 surface then
moves across the PrmA active site until a suitable substrate
side chain is placed into the active site. The noncatalytic
complex we observed may be interpreted as a representative,
nonproductive sampling intermediate in such a search. The pro-
tein-protein interface between the substrate and the active site
region is comparatively nonspecific, with few attractive interac-
tions in both catalytic orientations, consistent with the require-
ments for a processive mechanism for multiple methylation of
several or all L11 substrate side chains. In addition, methylation
of the third known substrate side chain, Lys3, will require only
aminor rearrangement from theN-terminal substrate orientation,
and is, therefore, likely to occur in the same structural framework
as the two crystallographically observed modification sites.
While crystallization experiments do not permit conclusions
regarding a possible order of L11 side chain modification, it is
interesting to note that we did not obtain the two catalytic L11
orientations fromwild-type protein, despite extensive crystalliza-
tion screening experiments. The Lys39 catalytic orientation was
first obtained in the absence of cofactor at room temperature,
and, in a second crystal form, in the presence of inhibitor at lower
temperature (complex 3). The N-terminal L11 orientation was
first obtained with the K16A L11 mutant. Lys16 is unlikely to be
a substrate for PrmA, but it engages in a hydrogen bond to
PrmA Arg26 in the complex structure, with Lys39 in the active
site. It is possible that this perturbation of the binding interactions
in the Lys39 orientation is sufficient to bias the complex toward
the N-terminal orientation. However, the influence of surface
characteristics on substrate orientation is clearly complex, as
Figure 4. Comparison of Three Different
L11 Orientations in Complex with PrmA
PrmA and L11 are colored cyan and yellow in the
N-terminal position and blue and orange in the
Lys39 position. The Met1 and Lys39 residues
and the AdoHcy or AdoMet cofactors are shown
as sticks.
(A) Structure of the L11 N terminus placed in the
active site (complex 2).
(B) Structure of the noncatalytic L11 orientation
(complex 4).
(C) Structure of L11 Lys39 placed in the active site
(complex 1).
(D) Comparison of the L11 orientation in the two
catalytic orientations.
(E) Close-up view of the position of the modified
nitrogen atoms of the N-terminal amino group
and Lys39.
the second crystal form with L11 in the
N-terminal orientation was obtained
from a PrmA H104A mutant protein.
With respect to the trimethylation of
a single amino group, our observation of
a trapped dimethylated amino group
was unexpected. The concurrent obser-
vation of AdoHcy and AdoMet in the two
different L11 orientations in complex 4 suggests that the reaction
was not arrested because of lack of AdoMet. The complex 4
crystals were obtained at a lower pH of 5.8, but the pH seems un-
likely to influence the reaction kinetics, asweobserved adifferent
crystal form (complex 4b; see Supplemental Experimental Pro-
cedures) with a dimethylated N-terminal amino group that was
obtained at a pH of 7.5. The observed hydrogen bond between
the substrate nitrogen atom and the Leu192 carbonyl group
forms an angle of approximately 120 between the AdoHcy sul-
fur atom, the a-amino group nitrogen, and the carbonyl oxygen
atom, and can conceivably promote catalysis by positioning
the substrate for the SN2 type methylgroup transfer. The forma-
tion of similar hydrogen bonds has been observed in other meth-
yltransferases. In the case of the structurally related PrmCmono-
methyltransferase, two hydrogen bonds are formed to position
the substrate glutamine side chain for methylgroup transfer
(Schubert et al., 2003). For the structurally unrelated SET domain
histone methyltransferases, the absence or presence of a hydro-
gen bond was shown to control the formation of either trimethyl-
or monomethyl-lysine, respectively, by interfering with the amino
group rotation necessary for trimethylation (Cheng and Zhang,
2007). The presence of a hydrogen bond in the PrmA trimethyl-
transferase comes as a surprise, since it will inhibit the third
deprotonation step in the case of a processive reaction mecha-
nism. It is possible, however, that the thermal energy at the op-
timal growth temperature (72C) for T. thermophilus, the source
of the proteins used in our crystallization studies, is sufficient to
overcome this intermediate state in vivo, whereas crystallization
experiments at 4C trap the system in the dimethylated state. In
a comparison of all available PrmA structures, we observed the
Leu192 main chain carbonyl in an orientation toward the active
site, with only two exceptions: in the trimethylated complex 2Structure 16, 1059–1066, July 2008 ª2008 Elsevier Ltd All rights reserved 1063
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L11 Trimethylation by the PrmA Methyltransferasestructure, the carbonyl is forced to rotate by about 90 to accom-
modate the third methyl group; and in the catalytic Lys39 orien-
tation (PDB code 2NXN), the adjacent Tyr193 side chain reor-
ients by about 180 (toward L11), rotating the carbonyl group
into an outward position similar to the complex 2 orientation. In
this context, it is also interesting to note that Leu192 is the only
residue with an unusual main chain geometry (as judged from
a Ramachandran plot) in high-resolution apo-enzyme structures
of PrmA, suggesting a structural predisposition for the observed
main chain reorientation. Thus, the hydrogen bond between the
carbonyl group and the substrate amino group could conceiv-
ably orient the substrate for methyl group transfer during the first
two catalytic cycles, and the steric clash occurring in the trime-
thylated state might contribute to substrate release.
PrmA is unusual because it not only modifies several sites on
the same protein, but also modifies two types of amino groups.
In the two catalytic orientations, the amino groups of Lys39 and
the L11 N terminus are placed in a very similar position with
respect to the cofactor (Figure 4E). The difference between the
two substrate nitrogen positions (1.67 A˚) is probably due to the
different catalytic states in these structures: a precatalytic state
in the absence of cofactor (Lys39 orientation, 2NXN) and a post-
catalytic trimethylated state in the presence of AdoHcy (N-termi-
nal orientation, complex 2). A comparable shift of 1 A˚ is observed
in lysine-bound and methyl-lysine-bound structures of the SET
domain Rubisco large subunit methyltransferase (Trievel et al.,
2003). Detailed kinetic studies of several SET domain lysine
methyltransferases have reported a processive type of methyl
group addition for the Rubisco large subunit methyltransferase
(Dirk et al., 2007), the cyctochrome Cmethyltransferase (Durban
et al., 1978), and the histone methyltransferase G9a (Patnaik
et al., 2004), whereas a distributive type was reported for the
SUV39H1 histone methyltransferase (Chin et al., 2006). For
a processive lysine trimethylation, one would expect to find
a mechanism for lysine deprotonation during subsequent cata-
lytic cycles. The SET domain methyltransferases have a high op-
timum pH for catalysis, and, based on the structure of the DIM-5
trimethyltransferase, it was proposed that a conserved tyrosine
residue acts as a general base (Zhang et al., 2003). In contrast
to the SET domain structures, there is no obvious candidate res-
idue found in the PrmA active site that could act as a general
base to facilitate substrate deprotonation. The PrmA active site
presents a comparatively hydrophobic environment, and the
pKa of an amino group in a hydrophobic environment is
expected to be lower than in solution, due to the preferential
destabilization of the positively charged acid form (Davies
et al., 2006). In fact, computational pKa prediction with the
PROPKA algorithm (Li et al., 2005) suggests values lower than
6 for the amino groups of Lys39 and the N terminus when placed
in the PrmA active site. Thus, it is conceivable that amino group
deprotonation occurs by a solvent-based mechanism after the
release of AdoHcy. Although the negatively charged iodide or ni-
trate ion present in the active site is unlikely to act as a general
base, it could contribute to a solvent-based mechanism of de-
protonation. Finally, the observation of a mobile loop closing
onto the active site initially suggested a functional role for either
substrate deprotonation or triggering of the reaction. However,
the structures reported here show that the loop might be locked
into a closed conformation in at least one of the catalytic com-1064 Structure 16, 1059–1066, July 2008 ª2008 Elsevier Ltd All righplex orientations, making a functional role for loop movement
during catalysis less likely. Loop movement could facilitate
easier access to the active site and contribute to substrate
reorientation if multiple trimethylation occurs by a processive
mechanism.
In summary, the structural analysis of all PrmA-L11 complex
structures available to date shows that the PrmA N-terminal
domain specifically recognizes the L11 N-terminal domain, and
a flexible linker region enables the placement of several different
substrate orientations with respect to the active site with the
same substrate recognition mode. In both catalytic orientations,
the protein-protein interface between L11 and the catalytic
domain of PrmA forms only weakly binding interactions, consis-
tent with a potential processive mode of multiple side chain
methylation. The PrmA active site provides a hydrophobic envi-
ronment for the substrate amino group and an open cofactor
binding site that remains accessible in the catalytic complexes.
The absence of potentially deprotonating residues suggests
that the reduced pKa of the substrate amino group in the hydro-
phobic active site is sufficient for a solvent-mediated amino
group deprotonation during multiple rounds of methylation.
Together, the structural data are consistent with the require-
ments for a two-layered processive catalytic mechanism that
will lead to trimethylation of multiple side chains.
EXPERIMENTAL PROCEDURES
Protein Expression, Purification, and Crystallization
Full-length wild-type PrmA and PrmA (H104A) from T. thermophilus HB8 were
cloned into the pET30b vector (Novagen) and overexpressed in E. coli strain
BL21DE3 (Invitrogen) at 293K. Bacterial cells were lysed by ultrasonification
on ice in a buffer containing 20mMTris (pH 8.5), 50mMNaCl, 5mM b-mercap-
toethanol, 0.1% Triton X-100, and 5% glycerol. The soluble proteins were in-
cubated at 338K for 30 min. Precipitated E. coli proteins were separated by
centrifugation, and soluble PrmA was further purified with anion exchange
chromatography, with a linear gradient of 10 mM to 1 M NaCl concentration,
and size exclusion chromatography at pH 8.5 and 200 mM NaCl. Purified
PrmA was concentrated to 24 mg/ml in a buffer containing 20 mM Tris
(pH 8.0), and 150 mM NaCl. Full-length T. thermophilus wild-type L11, L11
(K16A), and L11 (K39A) were subcloned into pET11a vector (Novagen) and
overexpressed in a BL21 derivative bearing a prmA::Tn10 null allele to obtain
the unmethylated form. Soluble L11 protein was purified in a manner similar to
PrmA, with the exception that cation exchange chromatographywas used. For
the formation of the PrmA-L11 complexes, purified proteins were mixed in 20
ml of 20 mM Tris (pH 8.0), and incubated at 277K for 2 hr. The complexes were
then gradually concentrated by centrifugation and further purified by size-ex-
clusion chromatography. The purified (1:1) complexes were concentrated to
20–40 mg/ml in a buffer containing 10 mM Tris (pH 8.0).
To produce the N-terminal domain complex, the PrmA N-terminal domain
was subcloned between residues 1 and 97 with a C-terminal hexa-histidine
tag into pET26b vector (Novagen). After initial purification on a Ni-NTA column,
the construct was purified by similar methods as for PrmA. Production of the
PrmA N-terminal domain-L11 complex was similar to the formation of the
full-length PrmA complexes.
Crystals of complexes 2, 3, and 4 were obtained by the microbatch method
with Al’s oil (Hampton Research). A 1 ml aliquot of complex 2 was incubated in
the presence of 4 mM iodide salt of AdoMet on ice for 2 hr, thenmixed with 1 ml
of a solution containing 160 mM calcium acetate hydrate, 80 mM sodium ca-
codylate (pH 6.5), 14.4% (w/v) PEG8000, and 20% (v/v) glycerol. Complex 2
crystals in space group P62 grew in 6–8 months to a maximum size of 300 3
300 3 900 mm at 277K. A 1 ml of complex 3 was incubated in the presence
of 1 mM sinefungin (Sigma) on ice for 2 hr then mixed with 1 ml aliquot of a so-
lution containing 170mM sodium acetate trihydrate, 85mMTRIS-HCl (pH 8.5),
25.5% (w/v) PEG 4000, and 15% (v/v) glycerol. Complex 3 crystals in spacets reserved
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Complex 2a N Domains Complex 3b Complex 4c
Data collectiond
Space group P62 C2 P65 P2
Cell dimensions
a, b, c (A˚) 134.5, 134.5, 49.0 103.2, 33.9, 71.1 132.7, 132.7, 46.1 69.9, 69.9, 379.0
a, b, g () 90, 90, 120 90, 131.8, 90 90, 90, 120 90, 90.5, 90
Resolution (A˚)e 30–1.75 (1.81–1.75) 30–1.37 (1.42–1.37) 50–2.05 (2.12–2.05) 30–2.3 (2.38–2.30)
Rmerge 0.056 (0.334) 0.053 (0.386) 0.067 (0.528) 0.071 (0.364)
I/sI 12.2 (2.0) 22.5 (2.6) 18.7 (2.3) 25 (2.7)
Completeness (%) 97.2 (93.8) 95.1 (84.7) 99.7 (99.0) 96.5 (76.7)
Redundancy 1.7 (1.6) 3.2 (2.8) 3.7(3.4) 6.7 (4.6)
Refinement
Resolution (A˚) 1.75 (1.79–1.75) 1.37 (1.4–1.37) 2.05 (2.10–2.05) 2.30 (2.36–2.3)
No. of reflections 48,051 (3478) 35,338(2232) 27,841(2035) 149,975 (8149)
Rwork/Rfree 0.18/0.21 (0.29/0.32) 0.18/0.21 (0.25/0.27) 0.21/0.28 (0.26/0.31) 0.19/0.26 (0.24/0.34)
No. of atoms
Protein 2530 1485 2791 21,407
Ligand/ion 52 12 27 266
Water 415 256 329 1894
B factors
Protein 30.85 16.64 51.92 44.08
Ligand/ion 39.86 20.48 32.38 67.41
Water 48.99 39.96 53.67 44.54
Rmsds
Bond lengths (A˚) 0.015 0.008 0.006 0.014
Bond angles () 1.51 1.28 1.13 1.54
a L11(K16A), trimethylated.
b L11(K39A), sinefungin.
c PrmA(H104A), dimethylated.
dOne crystal was used for each data set.
e Values in parentheses are for highest-resolution shell.group P65 grew in 6–8 months to a maximum size of 200 3 200 3 700 mm at
277K. A 1 ml aliquot of complex 4was incubated in the presence of 4mM iodide
salt of AdoMet on ice for 2 hr, then mixed with 1 ml of a solution containing 200
mM magnesium nitrate hexahydrate, 20% (w/v) PEG3350 (pH 5.8). Complex
crystals in space group P2 grew in 1–2 weeks to a maximum size of 400 3
400 3 400 mm at 277K. Crystals of the N-terminal domain complex were ob-
tained by the sitting drop vapor diffusion method at 293K. The reservoir solu-
tion contained 22% (w/v) PEG3350. N-domain complex crystals in space
group C2 grew in 6–8 months to a maximum size of 200 3 400 3 800 mm at
293K.
Data Collection, Structure Determination, and Refinement
Crystals were flash frozen in liquid nitrogen directly from their mother liquor,
except for complex 4 and N-domain complex crystals, which were cryopro-
tected with the addition of 30% (w/v) ethylene glycol. Diffraction data were col-
lected on an ADSCCCD detector at the X4A beamline of the National Synchro-
tron Light Source in Brookhaven, NY, at a wavelength of 0.979 A˚ at 100K for
complex 2, N-domains, and complex 3. Diffraction data were collected on
an ADSC CCD detector at the X29A beamline at a wavelength of 0.979 A˚ at
100K for complex 4. A single crystal was used for each data set. The diffraction
images were processed and scaled with the HKL2000 package (Otwinowski
and Minor, 1997). The data processing statistics are summarized in Table 1.
The coordinates of PDB code 2NXN (Wimberly et al., 1999) were used as ini-
tial search models for structure determination by molecular replacement. The
N- and C-terminal domains of PrmA and L11 were located independently byStructure 16molecular replacement with the programsCOMO (Jogl et al., 2001) and Phaser
(McCoy et al., 2005). For some datasets, partial structures of missing domains
were built manually into Fo  Fc difference density maps with the program
COOT (Emsley and Cowtan, 2004), and the full-length domains were then
placed by least-squares alignment with these partial structures. The cell di-
mensions of the complex 4 data suggest that the crystal might contain a higher
symmetry, but data processing in the tetragonal system failed for this dataset,
and we solved the structure in space group P2. The final model of complex 2
contains residues 1–254 for PrmA and 1–78 for L11 in space group P62. The
final model of complex 4 contains residues 1–254 in chains A, E, I, and M, res-
idues 1–96 and 100–254 in chains C, G, K, and O of PrmA, residues 1–98, 106–
113, and 120–140 in chains B, F, J, and N, and residues 1–71 in chains D, H, L,
and P of L11 in space group P2. The final model of the N-domain complex con-
tains residues 1–56 and 59 of PrmA, and two molecules of L11 with residues
2–72. The final complex 3 model contains residues 1–54 and 60–254 of
PrmA, and residues 1–79 and 99–137 of L11. The models were refined with
Refmac (Murshudov et al., 1997), and the CCP4 (CCP4, 1994) package was
used for subsequent calculations. The stereochemical quality of the models
was assessed with PROCHECK (Laskowski et al., 1993).
The Ramachandran statistics (most favored/additionally allowed/gener-
ously allowed/disallowed) are 92.8/6.8/0.4/0.0% for complex 2, 94.2/5.1/0.6/
0.0% for the N-domain complex, 90.7/8.2/1.1/0.0% for complex 3, and
90.1/8.8/1.0/0.0% for complex 4. The structure refinement statistics are
summarized in Table 1. Figures were generated with Pymol (http://pymol.
sourceforge.net)., 1059–1066, July 2008 ª2008 Elsevier Ltd All rights reserved 1065
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Coordinates and structure factors have been deposited in the Protein
Data Bank with accession codes 3CJU, 3CJR, 3CJT, 3CJQ, and 3CJS for
complexes 2, 3, 4, 4b, and the N-domains complex, respectively.
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures, two
tables, and three figures and are available online at http://www.structure.
org/cgi/content/full/16/7/1059/DC1/.
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